Mid-portion Achilles tendinopathy (MAT) adversely affects free Achilles tendon (AT) structure and composition. However, it is not known how these pathological alterations associated with MAT change the normal three-dimensional (3-D) morphology of free AT at rest and under load throughout the entire free tendon length. Here, we used 3-D ultrasound to examine the effect of unilateral MAT on free tendon 3-D morphology [length, cross-sectional area (CSA), anteroposterior (AP) diameter and mediolateral (ML) diameter] and volume at rest and during a submaximal (50%) voluntary isometric plantarflexion contraction bilaterally in individuals with unilateral MAT (n = 10) compared with a matched healthy control group (n = 10). The tendinopathic free AT had a greater CSA relative to the control tendons along the entire tendon length, which was mainly driven by a greater tendon AP diameter. Under load, the tendinopathic tendon experienced greater longitudinal and transverse strains than the control tendons. In contrast to the control tendons, which experienced a reduction in tendon CSA and ML diameter, bulged along the AP axis and behaved isovolumetrically under load, the tendinopathic tendon experienced a reduction in tendon CSA, AP diameter and ML diameter and an overall volume reduction. Overall, these findings suggest that the magnitude of longitudinal strain and volume change and the corresponding magnitude and direction of transverse strain under load are altered in MAT compared with normal tendon. These findings are indicative of a fundamental reorganization of the tendon matrix and alterations in tendon fluid content and distribution under load in tendinopathic tendon.
cross-sectional area (CSA), anteroposterior (AP) diameter and volume relative to healthy control tendons at rest (Docking & Cook, 2016; Docking et al., 2015; Grigg et al., 2012; Nuri et al., 2017b; Shalabi et al., 2004; Tsehaie et al., 2017) . However, reports of tendon resting transverse morphology (i.e. CSA and AP diameter) to date are limited to the average free AT (Docking & Cook, 2016; Nuri et al., 2017b ) or a single transverse or longitudinal plane image acquired at a single site of the free AT mid-portion (Docking et al., 2015; Grigg et al., 2012; Tsehaie et al., 2017) . Although recent animal studies have demonstrated a widespread development of tendinopathy symptoms in tendon composition and morphological and mechanical properties throughout the entire tendon length after an induced localized tendon injury (Choi et al., 2016) , it is not known whether pathological changes in tendon morphology in people with MAT are confined solely to the injury location (i.e. tendon mid-portion) or affect the entire tendon length. Furthermore, although the normal free AT is known to remain isovolumetric and experience a reduction in tendon CSA and mediolateral (ML) diameter, and an increase in AP diameter throughout the entire tendon length during tensile loading (Iwanuma et al., 2011; Nuri, Obst, Newsham-West, & Barrett, 2017a; Obst, Renault, Newsham-West, & Barrett, 2014b , relatively little is currently known about how three-dimensional (3-D) tendon morphology during tensile loading is altered in MAT. Studies of the tendinopathic Achilles and patellar tendons have demonstrated an immediate decrease in AP diameter and water content after an acute bout of eccentric exercise (Grigg et al., 2012; Ho & Kulig, 2016; Wearing, Locke, Smeathers, & Hooper, 2015) and 1 h floor-ball match (Fahlström & Alfredson, 2010) , and an immediate reduction in tendon CSA and volume during repeated isometric loading (Nuri et al., 2017b) and after long-term eccentric exercise (Shalabi et al., 2004; Tsehaie et al., 2017) . Such acute reductions in tendinopathic tendon CSA, AP diameter, water content and volume are suggested to be the result of load-induced fluid exudation from the tendon core to the peri-tendinous space and collagen fibre realignment (Grigg et al., 2012; Hannafin & Arnoczky, 1994; Helmer, Wellen, Grigg, & Sotak, 2004) . A comprehensive assessment of the transverse morphology (i.e. CSA, AP and ML diameters) along the full length of the free AT and its volumetric change at rest and under a single tensile load in MAT compared with healthy tendon has not been undertaken.
Such a study could provide new insight into how the interaction between the tendon matrix and fluid components is altered in MAT.
An improved understanding of tendon strain and poroelastic behaviour under load in MAT could be a basis for new or improved therapies for tendon repair that target known deficits in tendinopathic tendon mechanobiology.
The purpose of this study was therefore to compare the 3-D morphology and volume of the free AT at rest and during a submaximal isometric plantarflexion contraction in the tendiopathic tendon, the contralateral AT and the AT of healthy control subjects. For MAT compared with the contralateral and healthy control tendons, it was hypothesized that: (i) morphological differences would extend along the length of the resting tendon; (ii) longitudinal and transverse strains would be greater under load; and (iii) tendon volume would decrease under load.
New Findings
• What is the central question of this study?
The aim was to determine the effect of mid-portion Achilles tendinopathy (MAT) on free Achilles tendon three-dimensional morphology and volume at rest and under load in people with unilateral MAT.
• What is the main finding and its importance?
Tendinopathic tendon had a larger resting tendon crosssectional area and anteroposterior diameter relative to healthy tendon. When loaded, tendinopathic tendon experienced a reduction in transverse morphology (i.e. cross-sectional area, anteroposterior and mediolateral diameters) and overall volume reduction. In contrast, the healthy tendon remained isovolumetric and bulged along the anteroposterior axis. These findings suggest a fundamental reorganization of tendinopathic tendon matrix components and altered tendon fluid content when under load.
METHODS

Ethical approval
This study was approved by the Griffith University human research ethics committee (protocol no. 2012/434) and was performed in accordance with the principles of the Declaration of Helsinki (revised version, October 2013, Brazil), except for registration in a database.
All the participants provided written informed consent before participation.
Participants
Ten patients with unilateral MAT were included in the present study. The inclusion criteria were as follows: male adults, 18-60 years of age with unilateral symptomatic MAT, minimal duration of symptoms of 3 months, and a Victorian Institute of Sports Assessment-Achilles tendon (VISA-A) of <80 points (Nuri et al., 2017b) . The definition of MAT was pain, discomfort, tenderness to palpation, and focal thickening of the AT evident in both longitudinal and transverse scans of two-dimensional (2-D) ultrasound (2-DUS) in the tendon mid-portion (2-7 cm proximal to the AT calcaneal insertion; Maffulli et al., 1998 ; Figure 1 ). The exclusion criteria were as follows: bilateral tendinopathy, insertional tendinopathy, any lower limb musculoskeletal injuries and/or history of AT rupture or lower limb surgery. All participants were examined by a physiotherapist (L.N.) with 7 years of clinical experience in musculoskeletal injuries.
Limb dominance was not assessed. Ten control male participants from the local university community were also included in the study and matched to patients with MAT by age, height, weight, physical activity level and the length of free AT. The physical activity level was assessed using the International Physical Activity Questionnaire (IPAQ-long Data are expressed as means ± SD, n = 20. * Statistically significant difference between tendinopathy and control groups (P < 0.05). Abbreviations: MET, metabolic equivalent of task; n.a., not applicable; and VISA-A, Victorian Institute of Sport Assessment-Achilles.
format; Booth et al., 2003) . Participant characteristics are provided in Table 1 .
Experimental design and protocol
All participants completed two sessions (familiarization and testing), held 1 week apart. In each session, participants lay prone on a testing plinth, with their knee and hip fully extended (0 deg flexion) and the ankle in 0 deg dorsiflexion (i.e. 90 deg angle between the sole of the foot and the shank). Their foot was tightly fixed to the footplate of a fixed torque transducer (Futek TFF600, Irvine, CA, USA) by using a custom-built ratchet system to minimize heel lift during plantarflexions (Obst, Newsham-West, & Barrett, 2014a , 2014b . Care was taken to align the axis of rotation of the participant's ankle with that of the torque transducer. To ensure that participants maintained the target ankle torque for the entire duration of the contraction, the realtime visual feedback of the torque generated at the ankle joint was displayed on a computer monitor. LabView data acquisition software (LabVIEW 9.9; National Instruments, Austin, TX, USA) was used to acquire the torque signals from the transducer at a sampling frequency of 1000 Hz.
At the familiarization session, participants in both groups session. Participants in both groups were then asked to perform a series of submaximal plantarflexion isometric contractions (50% MVIC of the tendinopathy leg) to ensure that they became familiarized with the testing procedure. They were also asked to refrain from any strenuous exercise for 48 h before the testing session.
In the testing session, participants initially completed several isometric plantarflexion contractions at 50% MVIC to precondition the relevant tendon (Nuri et al., 2017a (Nuri et al., , 2017b (Nuri et al., , 2017c . 
Freehand 3-D ultrasound system
A freehand three-dimensional ultrasound (3-DUS) system [a conventional 2-DUS machine (SonixTouch; Ultrasonix, Richmond, BC, Canada) that consisted of a 58 mm linear transducer (L14-5W/60 linear; Ultrasonix) and a five-camera optical tracking system (OptiTrack V100:R2, Tracking Tools Version 2.5.2; NaturalPoint, Corvallis, OR, USA)] was used to obtain 3-D images of the AT (Obst et al., 2014a) . Before data collection, our system was calibrated using a single wall phantom calibration procedure recommended by Stradwin software developers (Prager, Rohling, Gee, & Berman, 1998) .
After calibration, pixel co-ordinates in any recorded 2-DUS images were transformed into the 3-D co-ordinate system with a reported positional error of approximately ±0.4 mm (Prager et al., 1998) (Prager et al., 1998; Treece, Prager, Gee, & Berman, 2000) .
One investigator (L.N.) performed all the AT ultrasound scans with the following ultrasound image settings: frame rate = 60 Hz, depth = 40 mm, gain = 50%, dynamic range = 65 dB, map = 4 and power = 0. The ultrasound scanning area was drawn on the skin between the calcaneal notch (Cal notch) and soleus (SOL) MTJ using a marker pen, and ultrasound gel was applied over the scanning area to minimize the pressure exerted by the transducer on the skin. To maximize the tendon transverse image quality, a rectangular shaped stand-off pad was attached to the end of the transducer using a thermoplastic custom-made ultrasound stand-off holder. Images of the AT were then acquired using a single transverse sweeping scan by moving the ultrasound transducer manually from the distal calcaneus to SOL MTJ at a steady speed (∼7 mm s −1 ). The total duration of scanning was ∼10 s, and the finalized stacks of 2-D B-mode images consisted of ∼600 frames, with a distance between frames of ∼0.1 mm.
Image segmentation, tendon longitudinal strain, surface rendering and tendon transverse morphology measurement
All 3 CSA contours using the in-built surface interpolation algorithm in Stradwin software (Prager et al., 1998; Treece et al., 2000) . The 3-D reconstructed free AT surfaces were then exported into Matlab software (Version R2013b; The Mathworks, Natick, MA, USA) and analysed using custom scripts (Obst et al., 2014b) to determine tendon transverse morphology (CSA, AP diameter and ML diameter).
The CSA, AP diameter and ML diameter transverse strains were then determined by dividing the tendon transverse deformation by the corresponding resting values. All tendon parameters measured were averaged over 10% intervals of normalized tendon length and expressed as a percentage of tendon length in 10% increments.
The accuracy of our 3-DUS for free AT volume measurement compared with phantoms of similar size and the minimal detectable change for in vivo free AT volume at rest have been estimated to be ±0.5 ml and ±0.2 ml, respectively (Obst et al., 2014a) . Furthermore, our 3-DUS provides a high level of intra-rater reliability (intra-class correlation coefficient (ICC) ≥ 0.98) for the measures of free AT morphological properties (i.e. length, CSA, AP and ML diameters and volume) at rest and during submaximal voluntary isometric plantarflexion contraction (Nuri et al., 2017a; Obst et al., 2014a Obst et al., , 2014b ).
Statistical analysis
A two-way (3 × 10), repeated-measures general linear model was used to examine the main effects and interactions of the tendon type (tendinopathy, contralateral and healthy) and the tendon region (10-100% of the normalized tendon length) on the following parameters:
(ii) tendon transverse morphology (CSA, AP diameter and ML diameter) at rest; and (ii) tendon transverse strain (CSA, AP diameter and ML diameter) under load. A two-way repeated-measures general linear model was also used to assess the effect of tendon type and 
RESULTS
Tendon morphology at rest
There were no significant differences in free tendon resting length between the tendon types (MAT, 72 ± 22 mm; contralateral, 71 ± 21 mm; healthy control, 70 ± 19 mm; F 2,27 = 0.06, P = 0.94).
The resting dimensions for each tendon in the transverse plane are displayed in Figure 3 . The group mean tendon CSA in MAT was greater than those of the contralateral and healthy control tendons across all the tendon regions. A significant main effect of tendon type (F 2,16 = 12.35, P = 0.001) and a significant tendon type-by-region interaction (F 18,144 = 1.91, P = 0.01) were detected for tendon CSA at rest (Figure 3a) . The group mean tendon AP diameter in MAT was greater than those of the contralateral and healthy control tendons across all the tendon regions. Significant main effects for tendon type (F 2,16 = 21.41, P < 0.001) and the tendon type-by-region interaction (F 18,144 = 2.95, P < 0.001) were likewise detected for tendon AP diameter at rest (Figure 3b) . Post hoc comparisons revealed that tendon CSA and AP diameter in MAT were significantly greater than those of the contralateral and healthy tendons at all increments from 20 to 90% of the normalized tendon length (P < 0.05). No significant main or interaction effects were detected for tendon ML diameter (P > 0.05; Figure 3c ).
Tendon longitudinal and transverse strains under load
There was a significant main effect of tendon type on tendon longitudinal strain under load (F 2,27 = 15.54, P < 0.001). Post hoc comparisons revealed that free tendon underwent significantly greater longitudinal strain in the tendinopathy leg (10.8 ± 3.1%) compared with those of the contralateral and healthy legs (6.7 ± 1.4 and 6.3 ± 0.8%, respectively). The deformations and corresponding strains experienced by the CSA, AP diameter and ML diameter are presented in Figure 4 . The group mean tendon CSA and AP diameter deformation and strain in MAT were greater than those of the contralateral and healthy control tendons across all the tendon regions.
A significant main effect of tendon type was detected for CSA strain (F 2,16 = 29.51, P < 0.001; Figure 4a ) and AP diameter strain (F 2,16 = 27.89, P < 0.001; Figure 4b) . A significant tendon type-byregion interaction (F 18,144 = 4.88, P < 0.001) was also detected for AP diameter strain. No significant main or interaction effects were detected for tendon ML diameter strain (P > 0.05; Figure 4c ). Pairwise comparisons revealed that tendon CSA and AP diameter strains were significantly higher for MAT compared with the contralateral and healthy tendons across all the tendon regions (P < 0.05). No significant difference in tendon ML diameter strain was found between tendon types in any of the tendon regions (P > 0.05). The reconstructed free AT and the corresponding transverse ultrasound images along the tendon length for representative participants are depicted in Figure 5 , which illustrates the changes in tendon 3-D morphology from rest to load in tendinopathic, contralateral and healthy control tendons.
Tendon volume at rest and under load
A significant main effect of tendon type (F 2,18 = 26.68, P < 0.001) and tendon loading condition (F 1,9 = 26.90, P = 0.001) and a significant tendon type-by-tendon loading condition interaction (F 2,18 = 29.06, P < 0.001) were detected for tendon volume (Figure 6 ). Post hoc comparisons revealed that tendon volume in MAT at rest and under load were significantly greater than those of the contralateral and healthy tendons. Furthermore, a significant reduction in tendon volume under load in MAT was observed (P < 0.001).
DISCUSSION
This in vivo study demonstrated that the tendinopathic free tendon had a larger CSA than contralateral and healthy tendons throughout the entire tendon length at rest, which was primarily driven by a greater tendon AP diameter. When loaded, the tendinopathic free tendon experienced a reduction in tendon transverse morphology (i.e. CSA, AP diameter and ML diameter) along the entire tendon length, and an overall volume reduction. In contrast, the contralateral and healthy tendons remained isovolumetric and bulged along the AP axis 
Tendon morphology at rest
Mean resting tendon CSA was on average ∼40% larger in tendinopathic tendon than in the contralateral and healthy tendons across all tendon regions, which was primarily attributable to a larger mean AP diameter in tendinopathic tendon. These differences in tendon CSA and AP diameter were most pronounced in the tendon mid-portion, and were not evident along the ML diameter at any of the tendon regions. These findings provide the first in vivo data that describe free tendon morphological characteristics across all tendon regions in both tendinopathic and contralateral tendons. Our finding that the free tendon with MAT has a larger CSA and AP diameter throughout the entire tendon length at rest supports earlier studies that have shown an increase in the thickness and area of the mean whole free AT (Docking & Cook, 2016; Nuri et al., 2017b ) and a single site of free AT mid-portion (Docking et al., 2015; Grigg et al., 2012; Tsehaie et al., 2017) (Choi et al., 2016) . A thicker tendon reduces the average tendon stress (i.e. force/area) across the tendon (Shim et al., 2014) and might therefore be an important adaptation to compensate for the tendon lower mechanical and material properties (Arya & Kulig, 2010; Chang & Kulig, 2015; Child et al., 2010; Wang et al., 2012) .
To our knowledge, this is the first study to show that resting tendon ML diameter is not affected by the pathological changes associated with the tendinopathy. There are several possible explanations for this finding. First, previous studies have provided evidence that the anterior and posterior surfaces of the AT paratenon sheath undergo degenerative processes, such as marked degenerative vascular changes, proliferation of loose connective tissue, increased number of elastic microfibrils, and widespread fat necrosis in tendinopathic AT (Kvist, Lehto, Jozsa, Järvinen, & Kvist, 1988; Paavola et al., 2002) , leading to a more compliant tendon sheath (Stecco et al., 2015) . As paratenon shapes the tendon core morphology (Carmont, Highland, Rochester, Paling, & Davies, 2011) , it is reasonable to speculate that the disruption and disorganization of the collagen fibres, hypercellularity, and increase in ground substance and water content in tendon core in chronic Achilles tendinopathy (Åström & Rausing, 1995; Corps et al., 2006; de Mos et al., 2007; Pingel et al., 2014) might stretch the paratenon from the anterior and posterior surfaces, resulting in bulging of the tendon core in the AP direction. Additionally, the mechanisms regulating the tendon healing response after injury might contribute to the increase in the tendon core AP diameter.
Previous studies investigating the location and phenotype of cells Free AT volume in tendinopathy, contralateral and healthy legs in the resting state was 7.16, 4.15 and 3.91 ml, respectively, in the present study, which falls well within the range reported in previous in vivo studies for free AT volume [tendinopathic free AT volume, ∼6-8 ml (Nuri et al., 2017b; Shalabi et al., 2004) ; and contralateral and healthy free AT volume, ∼3-5 ml (Nuri et al., 2017a; Obst et al., 2014b) ]. As no significant differences in free AT length were found between the three tendons at rest (∼70 mm), the higher tendon volume in MAT reflects the larger CSA of the tendinopathic tendon.
Tendon longitudinal strain under load
The tendinopathic free tendon underwent a greater longitudinal strain, which was approximately two-thirds greater than contralateral and healthy control tendons under the same tensile load (50% MVIC). The strains for the contralateral and healthy control tendons from the present study (∼6.5%) were in close agreement (∼5-6.8%) with earlier studies of normal tendon using the same approach (Nuri et al., 2017a; Obst et al., 2014b Obst et al., , 2015 . Two earlier studies reported 25% greater longitudinal whole AT strain in MAT compared with healthy control tendons at 100% MVIC (Arya & Kulig, 2010; Child et al. 2010) . The higher strain in the present study at the level of the free AT (∼10.7%) compared with earlier studies of whole AT strain (∼5%; Arya & Kulig, 2010; Child et al., 2010 ) is in part because measures of whole AT strain underestimate the strain at the level of the free AT, because the whole AT includes a portion of aponeurosis, which experiences low strains compared with the free AT that is not affected by MAT (Nuri et al., 2017a (Nuri et al., , 2017b . The greater compliance of tendinopathic compared with healthy tendon would be expected to contribute to a higher risk of tendon injury and reduced tendon mechanical function, although it is possible that this risk is offset to some extent by the greater tendon CSA in MAT.
Tendon transverse strain under load
During a submaximal isometric plantarflexion contraction (50% MVIC), the MAT, contralateral and healthy tendons experienced a reduction in tendon CSA and ML diameter across all the tendon regions. However, the tendinopathic tendon experienced a concomitant reduction in tendon AP diameter, whereas the control tendons experienced an increase in tendon AP diameter along their entire tendon length. The mean CSA strain along the length of the tendon was substantially larger in MAT (−24.6%) compared with contralateral (−4.6%) and healthy control tendons (−5.2%). The larger negative CSA strain in MAT was primarily driven by a greater negative strain along the AP diameter in MAT (−15.9%) compared with the positive strain of AP diameter in contralateral (8.1%) and healthy control tendons (7.0%), with no differences in tendon negative strain along the ML diameter (∼−9%). Although the polarity AP strain for contralateral and healthy tendons was positive, indicating tendon bulging along the AP axis under tensile load so that the tendon CSA becomes more cylindrical under load (Obst et al., 2014b (Obst et al., , 2015 , the AP strain for MAT was negative, indicating thinning of the tendon along the AP axis as reported in earlier in vivo studies for tendinopathic tendon in response to an acute bout of exercise (Fahlström & Alfredson, 2010; Grigg et al., 2012; Wearing et al., 2015) .
The tendinopathic tendon also underwent a non-uniform tendon transverse morphology strain along its length under load, with the tendon mid-portion undergoing greater reduction in tendon CSA (−28.4%), AP diameter (−20.0%) and ML diameter (−12.0%) relative to the tendon distal and proximal portions. This could be explained by the combined effects of the most pronounced pathological changes in tendon structure and composition at tendon mid-portion in the tendinopathy side, as evidenced by a larger tendon CSA and AP diameter in the present study, and the unique structural and/or mechanical factors of the free tendon mid-portion, such as the site of the AT twist (Edama et al., 2015; Obst et al., 2014b) .
Tendon volume under load
The tendinopathic tendon experienced a volume reduction of 28% relative to resting volume, whereas volume was conserved under load in the contralateral and healthy control tendons. This finding is consistent with studies that reported a volume reduction in MAT after repeated isometric loading (Nuri et al., 2017b ) and a prolonged bout of exercise (Shalabi et al., 2004; Tsehaie et al., 2017) . Volume loss of the tendinopathic tendon might play an important role in the regulation of tendon hydrostatic pressure, homeostasis, mechanotransduction and remodelling (Lavagnino et al., 2015) and could provide a basis for developing new or improved therapies for tendon repair. Possible explanations for this volume reduction in MAT under load include radial fluid redistribution from the tendon core to the peri-tendinous space (Hannafin & Arnoczky, 1994; Helmer et al., 2004) or/and a vascular mechanism (i.e. the contraction-induced decrease in tendinopathic tendon blood volume; Aström & Westlin, 1994) . Fluid extrusion from the tendinopathic tendon core to the periphery of the tendon in response to tensile loading could be attributable to the release of water molecules from glycosaminoglycans as a result of the induced electric potential (Gu, Lai, & Mow, 1993) or the high positive fluid pressure generated in the tendinopathic tendon core (Ahmadzadeh, Freedman, Connizzo, Soslowsky, & Shenoy, 2015) as a result of the high concentration of free and bound water molecules (de Mos et al., 2007) and the ineffective tendon loading transfer mechanisms owing to the disorganized and disrupted collagen fibres and interfascicular matrix (Pingel et al., 2014; Thorpe et al., 2015) within the tendinopathic tendon matrix.
The impairment of tendinopathic tendon membrane permeability (i.e. porosity and void ratio; Chen, Malkus, & Vanderby, 1998) could also exacerbate the aforementioned mechanisms. A reduction in tendinopathic tendon water content has been reported in response to an acute bout of exercise (Ho & Kulig, 2016) . However, further studies are needed to investigate the fluid exudation mechanisms associated with tendinopathy and their potential roles in tendinopathic tendon mechanobiology during mechanical loading. Nevertheless, the findings of the present study appear to contradict the previous suggestion that tendinopathy might restrict the load-induced fluid movement because of the pathological changes in tendon structure and composition accompanying tendinopathy (Grigg et al., 2012; Wearing et al., 2015) .
Contralateral versus healthy control tendons at rest and under load
The observed trend towards a statistically significant difference (P ≈ 0.06) in tendon CSA and AP diameter between contralateral and healthy control tendons in the mid-proximal tendon region (40-100% of the normalized tendon length) at rest supports previous in vivo and in vitro studies that have reported evidence of pathological changes in contralateral tendon morphology (Docking & Cook, 2016; Grigg et al., 2012) , histology (Andersson et al., 2011 ) and structural integrity (Docking et al., 2015) (Andersson et al., 2011) , and genetic and demographic factors (Franceschi et al., 2014) . Regardless of the underlying cause, our data suggest that caution should be taken when using the contralateral tendon as a reference to quantify the alterations of tendon CSA and AP diameter in the tendinopathy side in the mid-proximal tendon region in the resting state. The lack of difference in the magnitude and direction of the tendon transverse morphology and longitudinal strains between the contralateral and healthy control tendons under load is in accordance with previous in vivo studies reporting that despite the presence of pathological symptoms associated with tendinopathy in contralateral tendon in patients with unilateral MAT, the mechanical properties of the contralateral tendon do not seem to be affected by tendinopathy (Chang & Kulig, 2015; Grigg et al., 2012) .
Limitations
There are a number of limitations that should be considered when interpreting the findings of the present study. First, the transverse strain measures in the present study were restricted to the tendon core; therefore, we were unable to measure the thickness of the peri-tendinous space and paratenon. It was therefore not possible to determine the extent of any fluid redistribution from the tendon core to the peri-tendinous space during loading. Such information could be obtained in future using imaging techniques, such as MRI, that have greater resolution than ultrasound. Second, although 3-DUS has the advantage of being able to assess the whole tendon morphology under load, it was assumed that the load on the tendon was constant during the 10 s isometric contraction and that there was no tendon creep.
These potential sources of error were minimized by ensuring that the fluctuations in ankle torque were minimal and that each tendon had been appropriately conditioned. Furthermore, the small sample of individuals with MAT included in the present study was heterogeneous in terms of the duration and severity of MAT symptoms. Further study with specific inclusion criteria is needed to examine whether there is a relationship between the stage of tendinopathy and tendon 3-D deformation at rest and under load in a larger population of patients with MAT. Finally, the present study was conducted on male adults with MAT, so caution should be taken when generalizing these findings to other AT disorders (e.g. insertional Achilles tendinopathy), females, and other tendons (e.g. patellar tendon).
Conclusion
Mid-portion Achilles tendinopathy alters the normal 3-D morphology of the free AT at rest and under tensile loading. The free tendon has a larger resting tendon CSA and AP diameter along the entire tendon length in MAT relative to the healthy tendon, suggesting the widespread development of tendon pathology. During tensile loading, tendinopathic tendon undergoes greater longitudinal and transverse strains than healthy tendon, and also experiences a volume reduction. Unlike the healthy AT, which bulges along the AP axis during tensile loading, the tendinopathic free tendon experiences a reduction in AP diameter. These findings are indicative of a fundamental reorganization of tendinopathic tendon matrix components and alterations in tendon fluid content and distribution under load.
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